A popular and desirable function of superhydrophobic coatings is their remarkable ability to retain an entrapped layer of air, called a plastron, when submerged underwater. The drawback is that the air layer is short-lived due to solvation into the surrounding liquid. While manipulating the solubility of gases using temperature is a possible approach, it generally requires inefficiently heating large volumes of water. Following the demonstrated ability to maintain air bubbles on superhydrophobic surfaces for drag reduction, this article introduces a novel method of extracting gas from water to replenish and stabilize the plastron on superhydrophobic surfaces for sustained antifouling abilities. This method involves locally heating the liquid surrounding a superhydrophobic coating, reducing gas solubility, and causing the gas to nucleate at the liquid-air interface. The approach requires a relatively low energy input, due to the small volume of locally heated water. With a constant supply of equilibrated water and minimal energy input, the plastron can survive indefinitely without the need for a mechanical delivery of air. The thermoregenerating superhydrophobic samples were shown to exhibit excellent antifouling behavior and inhibited diatom attachment over a period of 5 days.
Introduction
Coatings exhibiting a combination of high surface roughness and low surface-free energy chemistry possess the ability to self-clean while dry [1] and reduce fouling [2] and drag [3] when submerged in water by way of a surface-bound air layer (termed the plastron).
These characteristics show promise for applications ranging from self-cleaning solar panel coatings, [1b] to reducing fouling in the marine industry. [2b,3b] Fouling of ship hulls and wharfs contributes to significant costs for the marine industry, and the environmental impacts of conventional heavy metal biocidal coatings have led to their commercial ban. [4] Currently, research has shifted toward environmentally benign coatings [5] such as foul-release coatings with low surface energy to reduce the adhesion strength of marine biota. [6] Another approach was to use specific surface chemistry that selectively prevents the conditioning of the coating with micro organisms and nutrients. [7] Both methods attempt to reduce the contact of organisms and chemicals with the surface but inevitably growth occurs over time as a range of species overcome any selective barriers. The use of superhydrophobic surfaces involves a persistent air layer between the coating and the marine environment, preventing virtually all contact between marine organisms and the surface. [2b] While the antifouling performance of a thin air layer on a coating is obvious, the lifetime of the plastron under water is finite and synthetic superhydrophobic surfaces do eventually wet when submerged, due to hydrostatic and Laplace pressures driving solvation of the plastron gas into the surrounding liquid. [3a,8] This seriously hampers the long-term application of superhydrophobic surfaces as antifouling coatings.
Superhydrophobic surfaces are able to resist wetting for some time when submerged below water. [1, 9] Gas diffusion plays a central role in the depletion of a naturally occurring gas layer. Trapped air existing at the interface between a submerged superhydrophobic surface and the surrounding liquid medium exists under greater than atmospheric pressure-experiencing additional hydrostatic pressure acting as a function of gravity, density, and depth. [10] The result is a higher rate of gas dissolution compared with nucleation, causing depletion of the plastron-a phenomenon accelerated by increasing depth or flow. [3a,8c,11] The amount of dissolved gas contained in an open body of water remains at equilibrium with the atmosphere over an extended period of time, due to continuous gas exchange between the two mediums. Hence, a plastron will not dissolve into a supersaturated liquid medium. To maintain the function of a superhydrophobic coating underwater, the plastron needs to be either stabilized or regenerated. The obvious approaches are direct methods such as bubbling fresh air across the surface, [12] reducing the absolute water pressure within a channel, [3a,13] to more complex technologies utilizing electrolysis of water at the solid-liquid interface to create gas. [9] These methods may not be suited for large-scale systems due to high fabrication costs or practical inefficiencies.
Indirect methods involve supersaturation of the water with gas, e.g., using a bubbling air stone, resulting in eventual plastron regeneration [12] or inducing a Leidenfrost regime through extreme heating of the substrate. [14] Both methods are difficult to be implemented into a practical application. The water may be heated to decrease gas solubility and encourage plastron replenishment. A major issue with heating the liquid is that if it is allowed to cool, the reduction in temperature will once again shift the equilibrium to dissolve more gas back into the water, so a replenished plastron will deplete rapidly. In general, the solubility of gases in water changes as a function of temperature. Gevantman [15] established a relationship between temperature and solubility for selected gases in water ( Figure 1) . As temperature increases, the solubility of air in water decreases. This results in aggregation of the gas molecules over time and formation of bubbles.
This "saturation" concentration (c s ) is proportional to the temperature T of the liquid and partial pressure P s of the gas and can be described by Henry's Law [17] c s ≡ P s HT (1)
where H denotes Henry's constant, a value specific to the gas/ liquid pair. By creating a temperature differential within the system, a state of supersaturation can be induced (c 0 ), with respect to C s . The excess dissolved gas can be defined by the supersaturation ratio
where ζ > 0 when in a supersaturated state.
Raising the temperature of a submerged substrate above that of the surrounding solution results in a heated thin water layer, in which localized supersaturation occurs. In particular, rough surfaces, such as superhydrophobic coatings, offer nucleation sites at which bubbles can form. Smaller gas pockets may rapidly dissolve due to the excessive LaPlace pressure, but the porous nature of the superhydrophobic coating helps to maintain a relatively large reservoir of entrapped air. Dilip et al. demonstrated the ability to grow bubbles trapped on hydrophobic surfaces by locally heating the substrate to reduce drag. [18] As the heating can be restricted to a very thin water layer above the surface, the approach could be suited for real-world marine applications, where seawater near the surface is usually supersaturated, [19] and gas may be indefinitely extracted from the sea without the danger of adversely affecting the system. Due to flow, this heated water is moved away from the superhydrophobic surface, allowing it to be replaced by new colder water (still saturated with dissolved gas). We explored experimental conditions under which the plastron on superhydrophobic surfaces can be replenished and a perpetually sustained plastron can be obtained ( Figure 2) . The antifouling activity of this plastron is tested against marine diatoms (Navicula perminuta) as a relevant marine biofilm forming microorganism. [20] Figure 1. Solubility of oxygen and nitrogen gas in pure water over varying temperatures at 1 atm. [16] Figure 2. Plastron growth on superhydrophobic surface submerged in an open system containing distilled water at 40 h intervals illustrating the coalescence of bubbles into a continuous plastron (scale bar ¼ 10 mm).
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Results and Discussion
A closed loop system was used to verify the temperaturedependent replenishment of the plastron. The sample was heated in a small container connected to the main water reservoir to maintain a constant temperature difference between the water surrounding the sample and the bulk water volume. A small temperature difference between 1 and 2 C was shown to induce the nucleation of dissolved gas onto the superhydrophobic surface. A 500 mL volume of distilled water contains enough dissolved gas that a temperature difference of several degrees will not only maintain a plastron but will also prompt growth from a microplastron (evident by the reflective surface) into a mobile macroplastron. The issue with this system is that an equilibrium is disrupted. Gas has only nucleated at the surface due to the temperature increase. Once the temperature is allowed to fall, the gas contained in the plastron begins to rapidly dissolve back into the solution, thereby depleting the plastron. Without an external mechanism reintroducing air into the system, greater energy will be required to maintain a plastron by continuously increasing water temperature.
Sustained plastron thermoregeneration requires another critical dimension; volume. This is due to the finite capacity of dissolved air in the system. A closed system can only nucleate the amount of gas that was initially dissolved in the liquid and any gas slowly dissolving through the liquid's surface. A constant flow of freshwater was shown to continuously allow for the deposition of dissolved air onto the plastron [18] Fortunately, in marine applications, the volume of water in the system is virtually limitless. This alters two fundamental factors in the sustainability of the regenerative technique; there is always excess air dissolved in seawater and heat will be readily dissipated.
A quasiopen system was built (see Figure 3 ) to fulfil the fast dissipation of heat through the use of a separated reservoir where water was allowed to cool. The volume and exposed surface of the liquid was maximized to ensure sufficient gas exchange to maintain the gas solubility at equilibrium with the atmosphere. The room temperature was maintained at 19 C so that the reservoir water temperature was kept at 20 C. Constant measurement of the temperature in the reservoir and the plastic container enabled a tuneable temperature differential between the water in both vessels.
When a flow rate of 2.54 L h À1 is applied through a small container, it can be assumed that the heated substrate at the bottom of the container will come into contact with a minimum of 2.54 L h À1 due to convection of the water through the vessel. If a temperature range of 20-21 C is measured, the maximum amount of oxygen and nitrogen gas that can be extracted is calculated to be %3.82 mL. Considering that a thin layer of air that is microliters in volume needs to be sustained, a very large excess of gas is being produced and nucleated on the substrate, this results in plastron growth, beginning as small separated trapped air pockets which eventually coalesce into one large air layer, providing improved longevity as a macro-plastron develops and is maintained (Figure 2, 4, 5) .
This system demonstrates that a heated superhydrophobic surface is capable of retaining a consistent plastron, provided a temperature differential exists between the substrate and liquid medium (see supplementary information video S1, Supporting Information). This phenomenon may benefit research into antifouling coatings with applications in the marine industry, where the functional protective layer of air could protect problem areas in ship hulls (e.g., sea chests) and harbors.
During the experiment, plastron height was measured to quantify the plastron reformation over time. Figure 4b shows the change www.advancedsciencenews.com www.aem-journal.com in plastron size and the corresponding heating profile. Water temperatures were measured at the container inlet and directly above the heated surface. Starting with a surface in thermal equilibrium with the water, the surface was submerged for 24 h before heating was applied. Once the heating was started, the dissipating plastron began to regenerate and grow in size. After switching off the heating, the plastron started to decay. The rate of regeneration is related to the temperature differential, whereas the rate of plastron decay is related to the flow and convection of the water above the surface. A large enough temperature differential (>2 C) ensures net increase in plastron volume over time.
From the experiments, it became evident that heating caused a local supersaturation of gas and the growth of air bubbles which replenished the plastron. When heating was suspended, the gas concentration gradient was reversed, gas from the plastron began to diffuse into solution, and the plastron diminished in height. Once the heating is stopped for a longer time, eventually a full wetting of the substrate will occur. When heat is reapplied to the superhydrophobic substrate, plastron growth is resumed, with bubbles growing and coalescing until delamination occurs. The ability to control the regeneration rate of the plastron by adjusting power allows optimization of the approach for low power consumption and maximum longevity and efficiency. These experiments utilized 9 W of heating power using relatively inefficient resistor heating element pads with a minimum of 3 mm of glue between the heating pad and the glass substrates. For the sake of scalability, many steps can be taken to improve the efficiency of the plastron regeneration process. Better thermally conductive substrates may be used; heating cycling can be used to reduce total energy usage to maintain plastron volume without bubble delamination. In addition, the heat energy from a ship's engine could be redirected to the hull of the ship to provide the heat necessary for plastron regeneration.
To prove the antifouling activity of the regenerated plastron, the samples were exposed to diatom suspensions for 5 days. The earlier derived heating protocols were used to maintain the integrity of the plastron on the superhydrophobic surfaces. [2b] Three sets of controls were included to separate purely thermal effects from the effect of the regenerated plastron: heated glass surface, superhydrophobic surface without heating, and glass surface without heating. The experiments were performed in triplicates in a nutrient rich, temperature and light controlled environment to allow normal diatom proliferation. Without heating, the plastron on the superhydrophobic controls depleted within 10-15 h leading to a fully wetted surface. Consequently, Figure 6 demonstrates that the surfaces were readily colonized by diatoms. As shown in the barograph in Figure 7 , the settlement was nearly as high as on the glass controls. On the heated superhydrophobic surfaces, a dramatic reduction in diatom settlement and adhesion to surfaces were found. The heated and unheated glass controls exhibited similar levels of diatom settlement indicating that the observed effect must be connected to the plastron and is not a pure thermal or convection effect.
The results illustrate that the regenerated plastrons successfully prevent the attachment of diatoms to the substrate. The moment www.advancedsciencenews.com www.aem-journal.com the plastron ceases to exist, settled diatoms begin to adhere and condition the surface leading to fouling. As long as a planar plastron is present, the organisms cannot come into full contact with the substrate. This assay is a first step in determining the effectiveness of thermoregenerated plastron against attachment and fouling. Field tests are necessary to optimize protocols to continuously and reliably restore the plastrons on superhydrophobic coatings.
Conclusion
The local heating of water near a submerged superhydrophobic surface triggers the nucleation of dissolved air at the plastron water-air interface. This phenomenon can be exploited to create replenished plastrons with high longevity on superhydrophobic surfaces, preventing their depletion due to dissolution of gas into the surrounding water. In particular, the low-energy consumption and the straightforward implementation is an environmentally benign way to prevent settlement of particulates and organisms. The approach should be applicable to virtually any superhydrophobic coating with a sufficient thermal conductivity and enable plastron regeneration and maintenance. Simple heating technology can therefore be used to permanently create an antifouling surface that remains dry underwater for extended periods of time. In addition, excess energy from engines or solar power can be used to sustainably regenerate these plastrons as an alternative to current energy-intensive methods.
Experimental Section
Distilled Water Experiment: Superhydrophobic surfaces were fabricated similar to the methodology reported by Arnott et al., [2b] with 25 cst. polydimethylsiloxane (PDMS). In short, a sol-gel was prepared using 12 nm silica nanoparticles in a PDMS matrix dissolved in hexane. After extended sonication, the sol-gel was spray coated onto substrate and dried in an oven for several hours resulting in average contact angles of 156 AE 2 . Two different systems were used in validating the thermoregenerative nature of plastrons. The first involved an isolated system in the form of a 500 mL plastic container resting atop a hot plate filled with distilled water. A fragment of superhydrophobic-coated glass slide was positioned at the bottom of this container, and the system lightly heated from beneath by altering the hot plate temperature. An alternate "exposed system" (i.e., opens to continuous flow-see Figure 2 ) was also designed-a mimic for the natural, www.advancedsciencenews.com www.aem-journal.com continuous supply of cold water, as would be found in any large body of water. This system consisted of a second 500 mL container, fitted with a drainage port that fed into a large reservoir (100 L plastic vessel). A variable flow pump (Aquarius Universal 440, Oase Living-water, Germany) operating at 1.9 L h À1 was situated at the bottom of the reservoir, allowing water to cool somewhat before cycling back into the container. A superhydrophobically coated glass microscope slide was glued onto a heating pad (Waterproof Silicone Heating Pad 60 mm Â 60 mm, Yongse, China) with its electrical connections waterproofed and was submerged at depth h ¼ 10 cm (pressure ¼ 10.2 MPa ¼ 1.01 atm). A regulated voltage supply powered the heating pad at 12 V, 750 mA, creating a localized heat source with 9 W of power. Temperatures near the heating pad surface and the upper water column were monitored at 5-50 min intervals via waterproof GMH 3750 digital temperature sensors (Greisinger Electronic, Germany). The reported temperatures therefore relate to the surface temperature of the superhydrophobic coating and the ambient reservoir temperature. Plastron retention/dissipation was observed via a Digitech QC3247 USB microscope mounted at 90 to the sample, under optimized illumination and exposure conditions. Care was taken to prevent any change in parameters over time, with images captured at 5 min intervals. Stop-motion video was created using GoPro Studio 2.5.7 and ImageJ. Distilled water was allowed to equilibrate in the system for one day prior to testing. Diatom Settlement Assay: Diatom (Navicula perminuta) culture and nutrient stock solutions were obtained at the Culture Collection of Algae and Protozoa (Dunbeg, UK). Algae were cultured in Guillards f/2 þ Si (G f/2) medium including sterilized and nutrient-enriched filtered seawater (CaribSea sea pure) at a pH of 8.0. Cultivation was performed in a climatecontrolled growth chamber (Snijders Scientific, Tilburg, The Netherlands) at 18 C with a 12:12 light:dark cycle (photon flux density 340 μmol m À2 s À1 ). For the assay (performed in triplicate), 1000 mL of culture suspension was combined into a 2 L beaker where the heated substrates and controls were fixed in a resulting depth of 5 cm. The samples included heated and unheated superhydrophobic coatings and heated and unheated smooth glass controls. The substrates were glued on a 5 Â 15 cm heating pad (Mouser Electronics Incorporated, USA) supplied with a constant 3.0 W of power resulting in a temperature difference of %1 C between the substrate surface and the bulk solution. The assay was entirely performed inside the climate-controlled growth chamber to continue to promote diatom proliferation. Samples were removed after 5 days with slight agitation to disperse unadhered diatoms and air dried in darkness before imaging.
To characterize the settlement extent, fluorescence microscope imaging (Eclipse Ti, Nikon Instruments, Japan) was performed using a 20Â phase contrast objective (Plan Fluor ELWD 20Â 0.45 Ph1 DM, Nikon Instruments, Japan) overlaid with a fluorescence image (fluorescence light: ExFO XCite-120, Excelitas Technologies Corp, Germany) (filter: BV-2A, EX: 400-440; DM: 455; BA: 470, Nikon Instruments, Japan); 16 adjacent images were stitched together for each field of view; 60 fields of view of each sample were recorded; and the fluorescence was thresholded with NIS Elements AR 4.30.02 (Nikon Instruments, Japan) to calculate average percentage coverage of diatom attachment per sample.
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